Many imaging applications require increasingly bright illumination sources, motivating the replacement of conventional thermal light sources with bright light emitting diodes (LEDs), superluminescent diodes (SLDs) and lasers. Despite their brightness, lasers and SLDs are poorly suited for full-field imaging applications because their high spatial coherence leads to coherent artifacts such as speckle that corrupt image formation 1,2 . We recently demonstrated that random lasers can be engineered to provide low spatial coherence 3 . Here, we exploit the low spatial coherence of specifically-designed random lasers to demonstrate speckle-free full-field imaging in the setting of intense optical scattering. We quantitatively show that images generated with random laser illumination exhibit superior quality than images generated with spatially coherent illumination. By providing intense laser illumination without the drawback of coherent artifacts, random lasers are well suited for a host of fullfield imaging applications from full-field microscopy 4 to digital light projector systems 5 .
Introduction
Many imaging applications require increasingly bright illumination sources, motivating the replacement of conventional thermal light sources with bright light emitting diodes (LEDs), superluminescent diodes (SLDs) and lasers. Despite their brightness, lasers and SLDs are poorly suited for full-field imaging applications because their high spatial coherence leads to coherent artifacts such as speckle that corrupt image formation 1, 2 . We recently demonstrated that random lasers can be engineered to provide low spatial coherence 3 . Here, we exploit the low spatial coherence of specifically-designed random lasers to demonstrate speckle-free full-field imaging in the setting of intense optical scattering. We quantitatively show that images generated with random laser illumination exhibit superior quality than images generated with spatially coherent illumination. By providing intense laser illumination without the drawback of coherent artifacts, random lasers are well suited for a host of fullfield imaging applications from full-field microscopy 4 to digital light projector systems 5 .
Lasers are indispensable light sources in modern imaging systems. Intense laser sources enable imaging through scattering or absorptive media and enable measuring dynamic behavior on short time scales. One of the signature properties of conventional lasers is high spatial coherence, a property resulting from resonant cavities with a limited number of spatial modes that produce well-defined wavefronts. A high-degree of spatial coherence has well-known advantages and disadvantages. On one hand, high spatial coherence allows for the highly directional emission of conventional lasers. On the other hand, spatial coherence leads to coherent imaging artifacts. Coherent artifacts originate from interference that occurs during image formation. The resulting intensity modulations appear as additional features that are not present in the object, thereby corrupting the image. Coherent artifacts can be introduced, for example, by aberrations in an imaging system or simply by diffraction when imaging objects with sharp edges. However, the most common manifestation of coherent artifacts is speckle, which occurs when a rough object or scattering environment introduces random phase delays among mutually coherent photons which interfere at the detector 6 . Speckle is a long-standing issue because it impairs image interpretation by a human observer [7] [8] [9] . Over the years, various techniques have been developed to mitigate the effects of laser speckle by generating and averaging multiple uncorrelated speckle patterns (for instance, by scrambling the laser wavefront with a moving phase plate) 10 . However, for M independent speckle patterns, speckle contrast (C) is reduced as M −1/2 , fundamentally limiting the signal-to-noise ratio (1/C) of a measurement to the number of speckle patterns generated (rather than the detector integration time or photon statistics) 2 . Hence, there is considerable interest in developing laser sources that fundamentally preclude the formation of coherent artifacts-that is, a laser with low spatial coherence.
Random lasers are an unconventional laser in that they are made from disordered materials that trap light via multiple scattering 11, 12 . The spatial modes are inhomogeneous and highly irregular. With external pumping, a large number of modes can lase simultaneously with uncorrelated phases. Their distinctly structured wavefronts combine to produce emission with low spatial coherence. Our recent studies show that the spatial coherence of random laser emission from a dye solution interspersed with scattering particles can be controlled by adjusting the scattering strength and the pump geometry 3 . Based on this finding, we are able to engineer the random laser to achieve low spatial coherence. In this work, we demonstrate that a random laser with low spatial coherence can prevent the formation of speckle and produce high-quality images similar to conventional spatially incoherent sources such as an LED. We also present analysis indicating that random lasers can have spectral radiance and photon degeneracy superior to LEDs and comparable to SLDs and broadband lasers.
Imaging without coherent artifacts requires illumination of a sample with a large number of mutually incoherent photons. The number of photons per coherence volume (i.e. the photon degeneracy parameter, δ) is therefore a relevant measure of source power since photons from distinct coherence volumes cannot interfere to generate coherent artifacts. From this perspective, the limitations of thermal sources and conventional lasers are clear. On one hand, thermal sources (lower left quadrant in Fig. 1 ) generate coherent artifact-free images (low spatial coherence), but have very few photons per coherence volume (low photon degeneracy). On the other hand, conventional lasers (upper right quadrant in Fig. 1 ) have many photons per coherence volume (high photon degeneracy) but readily generate coherent artifacts (high spatial coherence). Thus, there is a need for sources with high photon degeneracy and low spatial coherence, a need that can be filled by random lasers (upper left quadrant in Fig. 1 ).
We estimated the photon degeneracy parameter of our random lasers for comparison with existing light sources. Note that the photon degeneracy parameter, δ, is directly proportional to the spectral radiance, a radiometric measure of the amount of radiation through a unit area and into a unit solid angle within a unit frequency bandwidth 13 . For a thermal source, δ depends on the temperature and is ~10 -3 at 4000 K 13 . A high efficiency LED has δ on the order of 10 -2 [ 14 ]. SLDs and broadband lasers, both exhibiting high spatial coherence, have photon degeneracy much larger than 1. For a typical SLD, δ is estimated to be ~10 3 [ 15 ] , while a pulsed Ti:Sapphire laser has δ ~ 10 6 . Narrowband lasers not only exhibit high spatial coherence, but also have long temporal coherence, leading to extremely high photon degeneracy: a typical, HeNe laser emitting 1 mW has δ ~10 9 [ 13 ] . Random lasers with low spatial and temporal coherence have smaller δ. For the dye random laser used in this work, the low repetition rate of our pump laser (10 Hz) further reduces δ to ~10 -2 . However, conventional dye lasers routinely operate at repetition rates ~100 MHz [16] [17] [18] [19] . We performed experiments demonstrating that the average pump power and pulse spacing required for operation at a 1 MHz repetition rate did not adversely affect the random laser performance (see Supplementary Information) and therefore expect that our random laser system can be scaled up to ~MHz repetition rates producing a δ of ~10 3 . This level of photon degeneracy would provide several orders of magnitude improvement compared with existing spatially incoherent sources. As illustrated in Fig. 1 , this combination of high photon degeneracy and low spatial coherence has not been realized in other light sources and makes random lasers uniquely suited for imaging applications.
To demonstrate that a low-spatial-coherence random laser does in fact enable speckle-free imaging, we compared images generated with random laser illumination to those generated with other common light sources: a narrowband laser, a broadband laser, and an LED. We also considered an amplified spontaneous emission (ASE) source generated from the same dye solution as the random laser, only without the scattering particles. The ASE source has higher spatial coherence than the random laser, but produces a similar emission spectrum as the random laser 3 , and it is qualitatively similar to a SLD. Additional information regarding these sources can be found in the Supplementary Information. Our imaging tests were conducted in transmission mode using Köhler illumination. Images were formed using a single, aberration-corrected finite conjugate 10× objective. A Young's double slit experiment was conducted to characterize the spatial coherence of the sources on the object plane. The narrowband laser and the broadband laser exhibit the highest spatial coherence, followed by the ASE source. The random laser has significantly lower spatial coherence, and the LED is the lowest. Further experimental details are contained in the Supplementary Information.
We first show that the random laser can prevent speckle formation. In this experiment, there is no imaging object on the object plane and light from the source passes through a scattering film (Fig. 2a) . Images taken with the five illumination sources are presented in Fig. 2b-f . Speckle is clearly visible using the narrowband laser, the broadband laser and the ASE source, while the images collected using the random laser and the LED do not exhibit any measurable speckle. As a quantitative comparison, we extracted the probability, P, of finding a pixel with a given intensity, I, normalized by the average intensity, I 0 , of all the pixels. This probability density function is plotted in Fig. 2g . The relatively narrow intensity distribution under the random laser and LED illumination is contrasted with the increasingly broad distributions produced by the ASE, broadband laser, and narrowband laser. We also extracted the speckle contrast (C=σ I /<I> where σ I is the standard deviation of the intensity and <I> is the average intensity) from each image and found that it increased with the degree of spatial coherence of the source.
We then demonstrate that the ability of a random laser to prevent speckle formation translates to improved image quality. A 1951 US Air Force (AF) resolution test chart was imaged with the same five light sources. The scattering film was placed on the illumination side of the AF chart (Fig. 3a) to impart random phase delays of the incident light, which resulted in speckled illumination of the object if the source has a high degree of spatial coherence. This configuration is also equivalent to imaging an optically rough object 2 . Images collected with the five sources are presented in Fig. 3 . The spatially coherent sources, particularly the narrowband laser and the broadband laser, exhibit speckle patterns within the bars of the AF chart. These artificial intensity modulations, which have no relationship with the features on the AF chart, corrupt the image. The low-spatial-coherence random laser and LED, however, eliminate interference effects and produce a clean image of the object. The image quality can be compared quantitatively by the contrast to noise ratio (CNR), which is defined as (〈I f 〉 − 〈I b 〉)/((σ f + σ b )/2), where 〈I f 〉 is the average intensity of the feature (f) of interest (e.g. bar in the AF test chart), 〈I b 〉 is the average intensity of the surrounding background (b), and σ is the standard deviation of pixel intensity. The CNR describes the identifiability of a feature of interest in a given background 20 . As shown in Fig. 3g , the CNR decreases with increasing spatial coherence. When the CNR approaches unity, feature contrast is comparable to image noise; hence, speckle dramatically degrades the image quality at high spatial coherence.
The benefits of using a low spatial coherence random laser are even more pronounced when imaging is performed in a scattering environment. In this case, we imaged the AF test chart through the scattering film (Fig. 4a) . Images collected with the five sources are shown in Fig. 4b-f . In comparison with the images in Fig. 3 , the scattering film effectively increased the background signal because scattered photons were mismapped to what would otherwise be dark background regions of the image, that is, regions that correspond to opaque portions of the AF test chart. Under spatially coherent illumination, interference among these scattered photons (crosstalk) resulted in speckle that corrupts the image beyond recognition. However, when illuminating with a low-spatial-coherence source, interference among scattered photons was precluded, leading to a uniform background signal. As a result, although the scattering medium decreased the image contrast, the features of the object remained visible. Again, we estimated the CNR for each image, as shown in Fig. 4g . The CNRs for the conventional lasers and ASE source are below unity, consistent with our qualitative assessment that these images contain few to no interpretable features. Only the random laser and the LED are able to produce CNRs greater than unity, which correspond to recognizable images. Therefore, the random laser can eliminate crosstalk that produces speckle.
The above experiments illustrate that random lasers are ideally suited for imaging in scattering environments, a common situation in biological imaging or imaging through atmospheric turbulence. The high degree of scattering in these environments not only introduces intense crosstalk, requiring a source with low spatial coherence, but also causes loss, requiring a source with brighter illumination than can be achieved with existing spatially incoherent sources. By meeting these two requirements, random laser sources can enable parallel (full-field) imaging in scattering environments. Furthermore, the unique ability of random lasers to provide tunable spatial coherence opens the possibility of optimizing the illumination source for a specific imaging application. The degree of spatial incoherence required to prevent speckle formation depends on the parameters of a specific imaging application (e.g. imaging numerical aperture, sample roughness [21] [22] [23] ). As such, a random laser could be designed to provide sufficiently low spatial coherence to eliminate speckle while maintaining high photon degeneracy relative to existing spatially incoherent sources.
In conclusion, we demonstrated that random lasers are a new kind of light source that is ideal for full-field imaging. Because they generate stimulated emission in many different spatial modes, random lasers exhibit laser-level intensity with low spatial coherence, two properties that traditionally have been mutually exclusive in light sources (e.g. thermal sources, LEDs, conventional lasers). Over the past decade, random lasers have been realized in a wide range of material systems, including solid state and semiconductor based systems with emission frequency ranging from the UV to the Near IR. They can be pumped either optically 24 or electrically 25, 26 . We expect these systems could also provide low spatial coherence based on similar design principles 3 and could therefore be used for speckle-free imaging. Some of these random lasers operate at high repetition rate (82MHz) 27 , or even continuously in time 28, 29 , which would facilitate the achievement of high photon degeneracy. In addition to low spatial coherence, random lasers can exhibit low temporal coherence. The temporal coherence length of the dye random laser used in this work, for instance, can be estimated from the emission bandwidth to be ~ 17 μm 30 . This short temporal coherence would allow random lasers to be used in coherent imaging applications such as optical coherence tomography 31, 32 , which are also known to suffer from spatial coherence induced artifacts 33, 34 . The versatility of random laser systems, combined with their controllable coherence and laser-level intensity, could lead to their use in a wide range of imaging applications.
Methods
Our random laser system is composed of colloidal solutions of polystyrene spheres and laser dye. 5 mMol of Rhodamine 640 was dissolved in diethylene glycol. The polystyrene spheres were ~240 nm in diameter, and their scattering cross section was calculated to be 1.67×10 -11 cm 2 . The sphere concentration was 6.1×10 12 cm -3 , yielding a scattering mean free path of 100 μm. The ASE source was obtained from the same dye solution (5 mMol of Rhodamine 640) without polystyrene spheres. Both solutions were stored in a 1cm × 1cm cuvette and optically excited by a frequency-doubled Nd:YAG laser (λ=532 nm) with 30 ps pulses at a repetition rate of 10 Hz. The pump beam was focused to a ~300 μm diameter spot on the front window of the cuvette. Emission from the solutions was separated from the pump beam with a dichroic mirror and then directed to the imaging experiment setup. The narrowband laser source used in this work was a Helium Neon gas laser operating at λ=633 nm. The broadband laser light was generated by a mode-locked Ti:Sapphire laser with 200 fs pulses at a repetition rate of 76 MHz. The Ti:Sapphire pulses at λ~790 nm produced a supercontinuum in a photonic crystal fiber and the visible component centered at ~640 nm with a bandwidth of ~40 nm was used as a broadband coherent light source. The LED used in this work was a SugarCube™ Red with a center wavelength of ~630 nm and a bandwidth of 15 nm. The emission spectra of all five sources are included with the Supplementary Information.
The scattering films used in the imaging experiments consisted of TiO 2 particles spun onto glass substrates. The particles were ~20 nm in diameter and the transport mean free path was 600 nm. The amount of scattering was controlled by the film thickness, which was 3 μm for the experiments in Figs. 2-4.
We used finite conjugate microscope object lenses (Newport M-Series) in the imaging experiments. The images in Figs. 2-4 were collected with a 10× objective lens of 0.25 numerical aperture (NA) and a cooled COHU 4920 monochrome CCD.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Light sources are compared in terms of the two parameters most relevant to full-field imaging: the photon degeneracy/spectral radiance and the spatial coherence. Random lasers represent a new class of light source with high photon degeneracy/spectral radiance and low spatial coherence-the ideal combination for full-field imaging. a, Schematic of the experimental setup. We used five light sources with different degrees of spatial coherence, a light emitting diode (LED), a random laser (RL), an amplified spontaneous emission (ASE) source, a broadband laser (BBL), and a narrowband laser (NBL), to illuminate a scattering film and imaged the transmitted signal onto a charge coupled device (CCD) camera. Obj: microscope objective, S: scattering film, OP: Object plane, IP: image plane. b-f, The speckle contrast (C) decreases with the spatial coherence of the source. The random laser effectively prevents speckle formation, behaving similarly to the LED but very differently from the conventional lasers. g, Intensity fluctuations in the images are measured by the probability density function of light intensity, I, at each pixel of the camera, normalized by the average intensity, I 0 , of all pixels. The distribution becomes narrower as the spatial coherence reduces. a Schematic of the experimental setup. We used five light sources, described in Fig. 2 , to image an AF resolution test chart. A scattering film was placed in front of the object, which resulted in speckled illumination of the object if the source is spatially coherent. Obj: microscope objective, S: scattering film, AF: AF test chart, IP: image plane. b-f, Images taken with the five sources showing the spatially coherent sources, particularly the narrowband laser and the broadband laser, produce speckles in the bright area of the image (transparent bars in the USAF test chart). The background of the image, which corresponds to the opaque area on the object, remains dark. The scale bars are 50 μm. g, As a quantitative measure of the image degradation by the speckle, the contrast to noise ratio (CNR) is extracted from the images and plotted as a function of the spatial frequency of the features on the test chart. It confirms that the random laser produces superior images to the conventional lasers and the ASE source. a, Schematic of the experimental setup. We used five light sources, described in Fig. 2 , to image an AF resolution test chart through a scattering film which was positioned on the detection side of the object. Obj: microscope objective, S: scattering film, AF: AF test chart, IP: image plane. b-f, Images taken with the five sources. The scale bars are 50 μm. Under spatially coherent illumination, speckle is produced everywhere across the image and very little information about the object is detected. However, the low spatial coherence of the random laser and the LED eliminate speckle, and the scattering merely increases the background level uniformly, thus the features of the object are still visible. g, As a quantitative measure of the image quality, the contrast to noise ratio (CNR) is extracted from the images and plotted versus the spatial frequency of the features on the test chart. Only the random laser and the LED can produce images with CNR values greater than unity.
